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We designed and fabricated a novel microwave device capable of detecting a single insect
in grain samples. A test set-up was constructed by combining a planar active microwave
resonator, a Peltier cell, and an insect cage. With the integration of a regenerative element,
the active resonator had a quality factor as high as 21,600 even when placed in grain, an
electrically lossy medium. The high sensitivity of the device allowed the characterisation of
the activity of single adult insects Tribolium castaneum or Cryptolestes ferrugineus at different

temperatures, as well as the reliable detection of single adult insects in grain samples. Our
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approach demonstrated the non-contact sensing technique that could assist in decision
making for integrated pest management programs to monitor insects in stored grain.

© 2018 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Global climate change and increasing human populations
demand a greater and more stable food supply. Stored-
product insects infest stored grain around the world
(Hagstrum, Phillips, & Cuperus, 2012). They reduce the quality
and quantity of grain, and in several countries there is zero
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tolerance for insects in stored grain (Hagstrum &
Subramanyam, 2006). These insect pests are small, difficult
to detect and can quickly cause damage if undetected and not
controlled. The current methods (Hagstrum & Subramanyam,
2006) of detecting stored-product insects include manually or
mechanically retrieving samples and manually investigating
for insects by sieving the sample (Jian, Doak, Jayas, Fields, &
White, 2016), using a Berlese funnel to force internal insects
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out of wheat kernels (Hagstrum & Subramanyam, 2006), or
placing traps inside stored grain bulks (Jian, Jayas, & White,
2014a). In laboratory settings, more sophisticated techniques
such as acoustical methods (Gutiérrez, Ruiz, Molto, Tapia, &
Téllez, 2010), near infra-red (NIR) spectroscopy (Singh, Jayas,
Paliwal, & White, 2009), electrical conductance (Brabec,
Pearson, Flinn, & Katzke, 2010; Pearson & Brabec, 2007), and
soft x-ray imaging (Karunakaran, Jayas, & White, 2003) have
been used to detect insects in grain samples and inside indi-
vidual kernels.

Researchers have also turned to microwaves as a tool for
insect detection in grain products. Microwaves are especially
useful because of their ability to penetrate common, non-
conducting materials. Early uses involve radar techniques to
detectinsects. Microwave radar has shown to be an invaluable
tool for studying airborne insect migration (Drake & Reynolds,
2012), and a radar device that can detect termites in walls is
commercially available (Termatrac, 2017) and its application
to stored product pest detection has been studied (Mankin,
2004). Furthermore, Jian, Jayas, White, Fields, and Howe
(2014b) developed a technique using microwave heating
combined with sieving to extract insects from grain more
rapidly than the Berlese funnel method.

In addition to radar technology, microwaves have been
used in passive planar cavities for the measurement of ma-
terials (Abduljabar, Porch, & Barrow, 2014; Boybay & Ramabhi,
2012) and in biotechnology in applications such as the detec-
tion of single cell movement (Ferrier, Romanuik, Thomson,
Bridges, & Freeman, 2009) and the assessment of yeast cell
viability (Yang et al., 2010). These devices benefit from low
power demand, compact size, on-chip integration, and the
ability to perform non-contact sensing. Here, microwave
cavities do not rely on the emission of microwave radiation
but instead detect the changes in the resonant properties of
the cavity when objects (such as moving insects) are present
in the vicinity of the cavity. However, planar cavities suffer
from significant radiative, conductive, and dielectric losses. As
a result, the quality factor (Q factor) —which determines the
sensitivity and resolution — of planar cavity sensors is limited
to the order of 10?2 at room temperature.

Loss in the resonator can be compensated for with the
integration of an active component whose amplifying features
can restore lost energy (Nick, 2011). This produces a trans-
mission spectrum with a much narrower transmission peak.
Such active cavities or resonators exhibit drastically improved
sensitivity and resolution as well as a resistance to lossy en-
vironments (where energy is dissipated by surrounding ma-
terials). Quality factors on the order of 10* are regularly
achieved. The addition of an active component to improve the
quality factor has been implemented in communication sys-
tems (Nick, Member, & Mortazawi, 2010), to study semi-
conductors (Jones, Kelly, Severtsen, & McCloy, 2013), and to
sense liquids without contact (Zarifi & Daneshmand, 2015).

In this report, we propose a novel microwave based sensor
for the monitoring of stored product pest insects. The sensing
element of the device is a planar active microwave cavity
constructed from microstrip with a Q factor as high as 21,600
even in lossy environments, which is a factor 900 greater than
the conventional passive resonator (Q = 24) in the same
environment. Our experimental objectives are to test: the

sensitivity of the device to the movement of single insects; the
dependence of the device response on insect activity; and the
response of the device to the movement of insects in grain. In
this study, we aimed to demonstrate the potential of the
developed device as a means of rapidly detecting insects in-
side grain samples.

2. Materials and methods
2.1. Experimental objectives and overview

The goal of our experiments is to demonstrate the potential of
active resonator technology as an insect detector in stored
grain. Our goal was divided into three objectives. First, we
sought to demonstrate that insect movement indeed pro-
duced a response in the active resonator when it came into
contact with it. Second, we aimed to show that the resonator
response was related to insect activity. Third, we sought, as a
proof-of-concept, to demonstrate non-contact detection of
insects in a grain sample.

To achieve our first objective, we placed individual adult
insects in a closed area in contact with the device. We then
recorded the resonator response for 10 min for indications of
insect activity. The measurement was conducted at room
temperature. This experiment, and all following experiments,
were performed with adult Tribolium castaneum and Crypto-
lestes ferrugineus as test subjects.

We achieved our second objective by adjusting the tem-
perature of the enclosed area and repeating the first experi-
ment. We repeated the measurements at 10 temperatures
between 10° and 50°. To obtain a statistical result, the mea-
surement was replicated with 5 individuals from each insect
species tested. We then combined the results to produce a plot
of measured activity vs. temperature for each species.

A proof-of-concept for insect detection in grain was real-
ised by filling the enclosed area with wheat grain, placing a
single adult insect on the surface of the grain, and recording
the resonator response for 10 min. We compared the response
when an insect was present to when there were none. We
repeated the measurement for grain depths ranging from
0.3 cm to 2.1 cm. The measurements were conducted at room
temperature. We also compared the effect of the added
dielectric loss of grain on passive resonators to that on active
resonators.

2.2. Experimental apparatus

In order to test the resonator as a sensor, we constructed a
device which integrates the resonator with the ability to
confine insects, hold grain samples, and control temperature.
Figure 1 illustrates the set-up for the experiments reported in
this work. To prevent insects from escaping, a containment
area was constructed on top of the resonator by fastening a
26 mm diameter, 80 mm high glass cylinder to the surface.
The cylinder was closed at one end, and its open end was fixed
to the resonator. To control the temperature, a Peltier cell was
placed on the side of the board opposite to the resonator. The
cell was supplied with a bench top power supply, and trans-
ferred heat to and from a metal optics table, which acted as a
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Fig. 1 — A diagram of the experimental set-up. A vector network analyser (VNA) was used to measure the transmission
spectrum of the active resonator. The active resonator received external power and had a glass cylinder affixed to contain
insects. On the underside of the resonator, a Peltier cell enabled heating and cooling of the resonator to control insect
activity levels. The device was secured to a metal optics table top which functions as a heat sink for the Peltier cell.

thermal reservoir and on which the board was secured. The
temperature of the containment area was measured using a
K-type thermocouple with a Fluke 179 digital multimeter
(Everett, WA, USA).

The resonators were fabricated using microstrip technol-
ogy. The planar cavities were designed using Computer
Simulation Technology (CST) Studio (Darmstadt, Germany)
and constructed in-house by milling a double-sided 35 um
copper clad FR-4 substrate for the active resonator and Rogers
DiClad 527 substrate’ (Rogers, CT, USA) (which has lower
dielectric loss than FR-4) (Rogers Corporation, 2017) for the
passive resonator using a LPKF ProtoMat S103 board milling
machine (Garbsen, Germany). The thickness of both sub-
strates was 1.6 mm. Each resonator was gap-coupled in series
to 50 Q transmission line. An Agilent PNA-L N5230C vector
network analyser (VNA) (Santa Rosa, CA, USA) was used to
measure the frequency response of the resonators. Here, the
transmission coefficient was measured as Sy;, a complex
vector quantity whose magnitude, |Sy|, is equal to the ratio of
the device output to input voltage wave amplitudes and is
commonly expressed on either linear or logarithmic (decibel)
scales. Unless specified otherwise, the output power of VNA
was set to —20 dBm with —20 dB external attenuation resulting
in —40 dBm (0.1 uW) power input to the sensor and an IF
bandwidth (the bandwidth of the baseband IF filter internal to
the VNA) setting of 1.5 kHz. For all measurements, the testing
area was shielded with microwave absorber [Cumings

! The designation "FR-4" refers to a grade of material defined by
its mechanical, chemical, and electrical properties and is a
common choice of substrate for printed -circuit boards.
Conversely, DiClad 527 is a specific material product offered by
Rogers Corporation.

Microwave C-RAM LF-77 (Avon, MA, USA)] to block interfering
signals during measurement.

2.3.  Insects and grain

We tested two stored-product insects; the rusty grain beetle,
C. ferrugineus (Stephens) (Laemophloeidae: Coleoptera) and
the red flour beetle, T. castaneum (Herbst) (Tenebrionidae:
Coleoptera). The insects were collected from a grain storage in
Manitoba, Canada in 2013, and reared at 30° since that time. C.
ferrugineus was reared on Hard Red Spring wheat kernels,
cracked wheat and wheat germ. T. castaneum was reared on
white flour with 5% brewers yeast. Only adult insects having
emerged from pupae less than 2 months prior were used in
this study.

The grain used in the grain sample tests was Hard Red
Spring wheat (cv. Carberry) with a moisture content of 12.9% +
0.1% (ASABE, 2014).

2.4. Procedure for contact sensing experiment

In our first experiment, we used the sensor to detect insect
activity by contact. We placed a single adult on the surface of
the resonator and recorded the transmission spectrum. Insect
movement on the surface caused the transmission spectrum
to shift (Fig. 2). A glass cylinder (26 mm diameter, 80 mm
height) was fastened to the sensor board to prevent insect
escape (Fig. 1). The containment area was at a room temper-
ature of approximately 23°. To reliably detect the insect, we
continuously recorded S,; for about 10 min, corresponding to
960 individual spectrum measurements. From the measure-
ment, we determined the peak transmission frequency, fo,
using a peak fitting algorithm.
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Fig. 2 — The sensor could detect insects by contact. (a) a single insect was placed on the resonator surface and is confined by
a glass cylinder (26 mm diameter). The measurement was repeated with two insect species: Tribolium castaneum and the
smaller Cryptolestes ferrugineus. (b) Changes in insect position caused a shift of the peak transmission frequency, fo, of the

resonator.

2.5. Procedure for activity measurement

An insect was placed in the containment area and allowed to
move freely on the surface of the resonator, as in Section 2.4. A
Peltier cell placed under the board enables heating and cooling
of the resonator (Fig. 1) depending on the polarity of the
voltage bias. The temperature was controlled by adjusting the
voltage supplied to the Peltier cell. Insect activity was
measured for 10 temperatures ranging from 10° to 50°. For
each temperature point, the containment area was left to
equilibrate — a process taking approximately 10 min — before
data were recorded. We then recorded the transmission
spectrum over a 10 min period at a constant rate of approxi-
mately one every second, corresponding to 600 individual
measurements. The measurement was repeated with 5 adult
individuals from each species. The measurement area was
shielded from interfering radiation.

From the recorded spectra, fo as it varied with time was
obtained. A statistical analysis of the recorded activity was
performed. To quantify the level of insect activity at a given
temperature, the average of the absolute difference in f, be-
tween consecutive time points was calculated for that mea-
surement. This average is labelled ¢fp in this report. Then, the
overall mean across all measurements and the standard error
of the mean were calculated for each temperature, for both
species. In this way, the level of insect activity as it varies with
temperature was estimated.

2.6. Procedure for detection in a grain sample
An important practical application of the sensor is the

detection of insects in grain samples or bulks. First, we
compared the effects of the dielectric loss caused by grain

when it covered a passive resonator and active resonator. This
was done by gradually filling the containment area of the test
device with grain until the further addition of grain did not
affect the transmission spectrum of the resonator (roughly
3 cm for the active resonator). This was repeated for the
passive resonator and the active resonator, and the trans-
mission spectrum of each was recorded in the cases with and
without grain.

As a proof-of-principle of detection in grain, we partially
filled the 26 mm glass cylinder with wheat grain and intro-
duced a single insect on the surface of the wheat held inside
the cylinder. We then recorded the transmission spectrum
every 0.6 s for 10 min. Over the course of the measurement,
the insect was left free to move on and inside the wheat
sample. The measurement was repeated with grain heights
varying from 0.6 cm to 2.1 cm for T. castaneum and
0.3 cm—1.2 cm for C. ferrugineus. The measurements were
conducted at room temperature of approximately 23° and the
sensor was shielded from interfering radiation.

To quantify the measured activity, we measured 6fp in the
same way described in Section 2.5.

3. Results and discussion
3.1. Contact sensing

The frequency at which maximum transmission occurs, fo, is
plotted in Fig. 3 (a) and (b). A clear signal was observed for both
species, and the magnitude of the shifts was found to depend
on the size of the insect and its trajectory through the sensi-
tive area of the resonator. The greatest shift was observed
when the insect was located in one of the two coupling gaps,
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Fig. 3 — Typical measurements of the recorded peak
transmission frequency, fo, over time, for each species
tested.

because signals must transmit through these gaps to enter or
exit the resonator. Unsurprisingly, the maximum shift of
5 MHz caused by the larger T. castaneum was greater than the
2.5 MHz shift caused by C. ferrugineus (half the size of T. cas-
taneum). This is because T. castaneum occupied a greater
portion of the electric field than C. ferrugineus, so its effect on
the resonance was stronger. The fact that the resonance shifts
spanned a range of values and did not simply jump between
two states indicated that the transmission peak shifted grad-
ually as the insect moved through the electric field of the
resonator, whose strength was position-dependent. The
maximum shifts correspond to instances when the insect was
located in the region where the electric field was strongest, viz.
the coupling gaps and the edges of the resonator structure.
When the insect was on the edge of the containment area
(where the microwave fields were weak) no shifts are apparent.
For this measurement the VNA was configured for a suffi-
ciently large bandwidth to capture the shifts but also rapid
enough to capture insect movement. With these settings, in-
sect movement at the periphery of the glass cylinder was not
apparent. However, as we show in Section 3.3, it is possible to
detect insect movement without direct contact to the device.

3.2 Activity measurement

Insect activity depends strongly on the ambient temperature.
T. castaneum and C. ferrugineus movements are greatly reduced
at temperatures below 10 °C (Mahroof, Subramanyam,
Throne, & Menon, 2003) and 8 °C (Arlene-Christina et al,,
2014), respectively. Temperatures greater than 45 °C are fatal
to both species (Jian, Fields, Hargreaves, & Jayas, 2015). In our
second experiment, we demonstrated the ability of the sensor
to monitor insect activity by performing contact measure-
ments at different temperatures.

Figure 4 displays the peak transmission frequency for both
species at selected temperatures spanning the range of tem-
peratures to which insects were exposed. Figure 5 shows the
mean insect activity level calculated as described in Section
2.5 for all the temperatures tested.
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~~ 27 k! =
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Fig. 4 — The peak transmission frequency (fo) over 10 min
measurement periods when a single insect was placed in
the containment area for different temperatures. The
average absolute peak shift between consecutive spectrum
measurements (ifo) was used as a measure of the activity.
The spectrum was recorded approximately every second
for 10 min.

T. castaneum is about 2 times longer than C. ferrugineus, and
therefore causes larger shifts, which accounts for its generally
greater measured activity. In both species, the measured ac-
tivity was highest between 20 and 30 °C and decreased outside
this range. For both species, measured activity lowered at low
temperatures, which is in agreement with the published ob-
servations that temperatures below 15 and 17.5 °C inhibit
movement in T. castaneum (Jian, Jayas, & White, 2005) and C.
ferrugineus (Jian, Jayas, White, & Muir, 2002), respectively. On
the other hand, temperatures greater than 40 °C are uncom-
fortable for both species and caused them to circle the edge of
the containment area in an attempt to seek cooler tempera-
tures, explaining the relative decrease in measured activity in
this temperature range. Temperatures greater than 50 °C will
kill most individuals from both species after 2 h exposure
(Arlene-Christina et al., 2014; Mahroof et al., 2003). Conversely,
C. ferrugineus prefers temperatures of 30—36.5 °C (Jian, Jayas, &
White, 2003) and T. castaneum has been observed to move along
a temperature gradient to areas of 30 °C (Jian et al., 2005) sug-
gesting a preference for similar temperatures, and so activity
measured in this temperature range was markedly lower.
Activity was highest from 20 to 30 °C because the temperature
was not so low as to inhibit movement, not too comfortable as
to discourage movement, and not so high as to incite escape.
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Fig. 5 — The measured activity of both species as it varied
with the temperature of the containment area. The points
shown are averages across 5 repetitions, each with
different individuals, for each species. Verticals error bars
represent the standard error of the mean.

3.3. Detection in grain samples

The grain increases the difficulty of insect detection through
several factors: 1) insect movement is restricted to the pore
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spaces between kernels; 2) the contrast between the dielectric
constant of the insect and the grain environment is lower
compared to that with an air environment, so the response of
the sensor to the insect may be weaker; 3) grain introduces
dielectric loss and increases the resonance width, which de-
creases the sensor's ability to resolve resonance shifts. Of
these factors, we expected the first and last to be most
important. Peak broadening was mitigated by using an active
resonator, which experiences minimal peak broadening
against loss and thus could detect the movement of insects in
grain samples.

As a demonstration of the effects of grain on the trans-
mission spectrum of the resonator, we covered with wheat
grain a passive resonator and compared the result to when we
did the same to the active resonator. The results are shown in
Fig. 6. The construction of the passive resonator is described in
Section 2.2. The effect of the increased dielectric absorption
was significant in the passive resonator, whose resonance
width increased by over 350% [Fig. 6 (a)]. Conversely, the active
resonator experienced an increase in resonance width of only
roughly 20% while maintaining a very sharp transmission
peak [Fig. 6 (b)]. As we show below, the resistance of the active
resonator to increased dielectric loss was crucial to its ability
to detect insects in grain.

Figure 7 shows the response of the sensor to single insects
in grain samples of various sizes. Using the case without in-
sects [Fig. 7 (b)] as a reference, we saw an indication of activity
for T. castaneum in Fig. 7 (c) and C. ferrugineus in Fig. 7 (d), which
had manifested as a signal with seemingly random variations
as well as temporary deviations of noticeably greater ampli-
tude. These features might reflect two scales of motion: the
random short scale motion of the insect as it searched for
paths between individual grains and the longer scale motion
as it moved through the sample.

(b) Active Resonator
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Fig. 6 — (a) the transmission spectrum, |Sz;| as a function of the microwave frequency, of an air-loaded (no grain) and grain-
loaded passive resonator. (b) |S»1| of an air-loaded and grain-loaded active resonator. Note the difference in horizontal scales
between the two resonators. Loading the resonator with grain also caused a shift in the transmission peak. |S,,| is depicted

on a dB scale.
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Fig. 7 — The peak transmission frequency, fo, over time when the containment area was filled with grain of height h. (a) a
diagram of the set-up. (b) fo over time when grain without insects was placed in the containment area. The values presented
are adjusted by the subtracting the average of f, for the measurement, f,, from all points. (c) a single T. castaneum insect in,
0.6 cm, 1.4 cm and 2.1 cm of grain, respectively; (d) a single C. ferrugineus insect in 0.3 cm, 0.7 cm, and 1.2 cm of grain. The
average absolute peak shift between consecutive spectrum measurements (6fo) was used as a measure of the activity. Each
measurement was performed over a 10 min duration with the transmission spectrum recorded every 0.6 s.

The results highlight the necessity of the active resonator.
The shifts caused by the insect in grain were dramatically
smaller when compared to those from contact, decreasing
from a few megahertz to at most tens of kilohertz. The
greatest variations in f, seen in Fig. 7 span approximately
50 kHz, corresponding to 28% of the active resonator line-
width, but only 0.03% of the passive resonator linewidth when
in grain [Fig. 6 (a)]. Considering that most of the variations
observed in Fig. 7 were much smaller than 50 kHz and noting
the width of the resonance of the passive resonator [Fig. 6 (a)],
we concluded that without the active element, a passive
microstrip resonator lacked the resolution to be useful for the
detection of insects in grain samples.

Due to its size, T. castaneum movement in the grain was
restricted and a net displacement from the surface where it
was introduced was difficult for it to achieve (Jian et al., 2005).
This may be apparent in Fig. 7 (c) and (d), where temporary

changes in fo were observed when the insect attempted to
move deeper into the grain sample but failed to find a path
leading deeper and so returned to the surface and caused f,
to return nearly to its initial value. Figure 7 (c) and (d) also
show constant smaller, more rapid variations in f, not
observed in the clean case [Fig. 7 (b)]. As the height of the
sample was increased, these variations were diminished by
the generally increasing distance of the insect from the
resonator.

Similar features were observed in the measurement of C.
ferrugineus movement in the grain. Since C. ferrugineus is
significantly smaller than T. castaneum and was able to move
more freely through the interstices of the sample, the rela-
tively large changes in f, were more frequent than those
observed with T. castaneum. However, the smaller size also
reduced overall magnitude of shifts in f,, making it more
difficult to detect C. ferrugineus at larger distances.
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4, Conclusions
4.1. Future work

Since the sensor response changes with insect activity, it has
the potential for use in monitoring insect population densities
in stored grain. Such monitoring is crucial for farmers and
grain handlers who depend on the information to formulate
their pest management strategies. A current challenge of this
application is the possible ambiguities in sensor signal that
results from the dependence of the response on insect size,
location, and movement speed. One way to circumvent this is
the use of an array of sensors sunk into grain bulks to increase
the reliability of detection. For example, if the sensors in an
array are monitored using individual channels, the signals
received on different channels can be correlated and their
amplitudes compared to estimate the location of the insects
producing the signal.

The sensor could also be used to quickly test for insects in
grain samples pulled from a grain bulk. Outside of agriculture
and food production, the material penetrating ability of the
sensor would make it a useful tool for the detection of
household pests such as termites, ants, or rodents.

4.2. Summary

We have demonstrated that the sensor based on a planar
microwave active cavity was capable of detecting single adult
insect activity through contact as well as in grain samples.
Insect activity was detected by monitoring the transmission
spectrum of the cavity, which operated in the 3—4 GHz range,
whose peak transmission shifted when insects were nearby.
In contrast with a passive cavity, the active cavity had a very
narrow transmission spectrum peak, allowing shifts on the
order of kHz to be detected. Furthermore, the active cavity was
resistant to added dielectric loss in the environment such that
it maintained its narrow transmission peak even when placed
in grain. We used two species of common grain pests as
subjects in our tests: T. castaneum and C. ferrugineus. As ex-
pected, the larger T. castaneum caused greater shifts in the
transmission peak than the smaller C. ferrugineus. This resul-
ted in a lower measured activity of C. ferrugineus, though this
did not necessarily reflect a lower level of movement. We also
successfully detected the insects in wheat grain samples at
distances up to 2.1 cm with T. castaneum and 1.2 cm with C.
ferrugineus. Our approach has potential use as a tool to
monitor insect populations in stored grain bulks, such as grain
bins, or to non-destructively detect other pests such as
termites.
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